continuous health plan enrollment at least 6 months prior to and at least 12 months following the date of the first pharmacy claim for PAH-related therapy (index date). Patients were divided into cohorts based on prescription of monotherapy or combination therapy and index date category (2012-2013, January 2014-July 2015, and August 2015-March 2017). Results: Out of 1878 patients, 90.8% initiated with monotherapy and 9.2% initiated with combination therapy. The percentage of patients with index combination therapy increased from 5.7% in 2012-2013 to 13.0% in August 2015-March 2017. Patients with index combination therapy had better persistence (11.6 months versus 10.3 months) and adherence (0.95 versus 0.85). Overall, the discontinuation rate was 40% and was higher in monotherapy versus combination therapy patients (42.8% versus 12.2%). Approximately 30.2% of patients had a second regimen, of which 50% were combination regimens. The time to combination therapy initiation decreased from 10.5 months in 2012-2013 to 3.4 months in August 2015-March 2017. Conclusions: The majority of patients initiated monotherapy treatment for PAH, most often a phosphodiesterase 5 inhibitor (PDE5i). Patients with upfront combination therapy increased following publication of the 2015 ESC/ERS guidelines, indicating that physicians responded to the guideline's option of prescribing upfront combination therapy.
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Monotherapy; PAH; Pulmonary arterial hypertension; Switch; Treatment patterns
Key Summary Points
Why carry out this study?
Several treatment advances have been made for patients with pulmonary arterial hypertension (PAH); however, little is known about the real-world treatment patterns, particularly with respect to treatment patterns before and after the publication of the 2015 ESC/ERS guidelines As new treatments and advances are introduced and the effects of combination therapies are compared against those of current prostacyclin formulations, the medical community is interested in understanding therapy patterns and outcomes of patients prescribed combination therapy compared to monotherapy as it advocates for further cost-effective treatments
The purpose of this study is to examine medication treatment patterns among patients with PAH who were newly initiating therapy
What was learned from the study?
Patients with upfront combination therapy increased and the time to sequential combination therapy decreased following publication of the 2015 ESC/ ERS guidelines, indicating that physicians were prescribing according to recommended guidelines Patients who initiated combination therapy had greater adherence and persistence with fewer discontinuations than patients who initiated monotherapy
The majority of patients initiated monotherapy treatment for PAH, most often PDE5is, despite market availability of several new medications
INTRODUCTION
Pulmonary arterial hypertension (PAH) is a progressive, potentially life-threatening disease characterized by high pulmonary arterial blood pressure and increased pulmonary vascular resistance as a result of narrowing of the pulmonary arteries. If left untreated, PAH can result in right heart failure and death. Prevalence estimates of PAH range from 10 to 26 cases per million population, with 2-8 new cases per million annually [1, 2] .
Several medications indicated for PAH have been approved in the USA since 2013, including the soluble guanylyl cyclase (sGC) stimulator riociguat, the oral prostacyclin analogue treprostinil, the oral endothelin receptor antagonist (ERA) macitentan, the selective agonist of the prostacyclin IP receptor selexipag, and an indication for the combination of ambrisentan plus tadalafil.
Combination therapy offers the potential to target multiple pathways simultaneously, potentially improving outcomes and lowering dose requirements. Several clinical trials, including SERAPHIN and GRIPHON, have noted reductions in the risk of clinical worsening [3] [4] [5] [6] [7] [8] and long-term morbidity/mortality [9] [10] [11] among patients on combination therapy. In the AMBITION treatment strategy trial, initial combination therapy with an ERA (ambrisentan) plus a phosphodiesterase 5 inhibitor (PDE5i, tadalafil) was compared to pooled monotherapy in treatment-naïve patients with PAH [7] . Investigators noted a decreased risk of clinical failure events, reduced risk of morbidity and mortality, and improved functional class, exercise capacity, and hemodynamics among patients on the combination of ambrisentan plus tadalafil versus monotherapy.
The European Society of Cardiology (ESC)/ European Respiratory Society (ERS) issued a guideline update in 2015 stating that initial treatment strategy should be guided by individual risk assessment levels [12] . The recommended treatment algorithm was recently upheld at the 6th World Symposium on Pulmonary Hypertension [13] . Owing to the documented benefits, some suggest that patients initiate combination therapy preemptively, compared to the historical approach that recommended adding to oral monotherapy in response to clinical worsening. In recognition of results from the AMBITION trial [7] , the new guidelines now list upfront combination therapy with ambrisentan and tadalafil as a class I recommendation for patients with functional class II and III PAH [12] . Equal to the recommendation of upfront combination therapy, stepwise combination therapy with macitentan added to sildenafil, riociguat added to bosentan, selexipag added to an ERA or PDE5i, or sildenafil added to epoprostenol (for functional class III) are also recommended. In patients with inadequate clinical response to monotherapy or dual therapy, an additional agent targeting the prostacyclin (PGI 2 ) pathway should be considered. Medications targeting the PGI 2 pathway were previously only used for patients with severe disease given the complex routes of administration and the potential for side effects; however, the advent of oral PGI 2 -targeted therapies has opened the option for earlier use of combination therapy. As a result of the progressive nature of PAH, some argue that triple combination therapy that targets all three pathogenic pathways should be started immediately upon diagnosis to delay pulmonary vascular remodeling [14] .
Results from several real-world studies have raised concerns that physicians may not be prescribing according to evidence-based guidelines and consensus recommendations [15] [16] [17] [18] . In the RePHerral study, 61% of patients presented with advanced PAH, but only 30% were on PAH-specific medications [16] . Among patients who received medication, 57% were not prescribed according to published guidelines upon referral to a specialty center. In REVEAL registry participants, only 56% of patients with a PAH-related death were treated with intravenous prostacyclin analogues at the time of death despite the recommendation by the American Heart Association/American College of Cardiology guidelines for intravenous prostacyclin analogue therapy among patients with severe disease [19] .
In spite of the treatment advances made, little is known about the real-world treatment patterns among patients with PAH, particularly with respect to treatment patterns before and after the publication of the 2015 ESC/ERS guidelines. As new treatments and advances are introduced and the effects of combination therapies are compared against those of current prostacyclin formulations, the medical community is interested in understanding therapy patterns and outcomes of patients prescribed combination therapy compared to monotherapy as it advocates for further cost-effective treatments. The purpose of this study is to examine medication treatment patterns among patients with PAH newly initiating therapy. This study serves to update a previous study [20] , lengthening the time to specifically compare treatment patterns among time periods prior to and following publication of the 2015 ESC/ERS treatment guidelines for pulmonary hypertension.
METHODS
This was a retrospective database study using medical and pharmacy claims and enrollment information from July 01, 2011 to March 31, 2018 (study period). Included patients were commercial and Medicare Advantage with Part D health plan members in the Optum Research Database (ORD), a large, de-identified, nationally representative, and diverse database. Medical claims were coded using the International Classification of Diseases, Ninth and Tenth Revisions, Clinical Modification (ICD-9-CM and ICD-10-CM) diagnosis and procedure codes, Healthcare Common Procedure Coding System (HCPCS) codes, and place of service codes. Outpatient pharmacy claims were coded using National Drug Codes for dispensed medication, including both the quantity dispensed and the dose and days' supply. This study did not require the use of identifiable protected health information; thus, institutional board approval or waiver of authorization was not required.
Study Population
To be included in the analysis, patients must have had at least one claim for a PAH-related medication from January 01, 2012 to March 31, 2017 with the date of the first pharmacy claim considered as the index date. Patients were also required to have at least one medical claim with a diagnosis for pulmonary hypertension (ICD-9-CM codes 416.0, 416.8, or 416.9; ICD-10-CM codes I27.0, I27.2, I27.20, I27.21, I27.29, I27.81, I27.89, I27.9) in any position in the 6-month period prior to and including the index date. Additional inclusion criteria included continuous enrollment in the health plan with medical and pharmacy benefits for at least 6 months prior to (baseline period) and at least 12 months including and following the index date (follow-up period) and aged at least 18 years as of the index year. Patients who had a pharmacy claim for a PAH-related medication during the 6-month baseline period or those with unlisted gender, age, geographic region, or insurance plan type were excluded from the study.
Cohorts
Cohorts were selected on the basis of the prescription regimen filled during the first 30 days following the index date. Cohorts included the monotherapy cohort (pharmacy claim for only one PAH-related medication class) and the combination therapy cohort (pharmacy claims for more than one PAH-related medication class). Patients were further categorized into the following index date categories: 2012-2013, January 2014-July 2015, and August 2015-March 2017. The date categories were chosen in part around the publication of the AMBITION study (August 2015) and the ESC/ ERS guidelines (September 2015) to show treatment patterns immediately prior to and immediately following publication.
Study Measures

Baseline Patient Demographic and Clinical Characteristics
Baseline demographic and clinical characteristics collected included age, sex, insurance type, pharmacy coverage, geographic region, Charlson comorbidity score [21, 22] , and comorbidities (identified from diagnosis codes and the Clinical Classifications Software managed by the Agency for Healthcare Research [AHRQ] based on ICD-9-CM and ICD-10-CM codes) [23] .
Treatment Patterns
Treatment patterns were assessed during the 12-month follow-up period. The first PAH-related treatment medications filled in the 30 days including and following the index date were considered the index medication regimen. Whether patients discontinued (gap in therapy at least 90 days after the run-out of days' supply of the last prescription filled prior to the gap in therapy), augmented (addition or fill or a new PAH-related medication prior to discontinuation of the ongoing regimen), or switched (discontinuation of a PAH-related medication and fill for a new PAH-related medication) their index regimen was recorded. Persistence, defined as the months from the start of the first fill until therapy discontinuation or switch was also measured. Adherence to the index regimen was assessed using the proportion of days covered (PDC) calculated by division of the number of days of available medication by the number of days between the first prescription claim through the end of the study period [24] . Among patients on combination therapy, PDC was based on possession of any medication in the regimen, as adherence for individual components of related medications tends to correlate closely [25] . PDC was corrected for inpatient events under the assumption that medication was supplied by the facility during the stay. A threshold above 80% was considered highly adherent. Drug class was recorded for patients initiating a second or third PAH medication regimen and the time to combination therapy was calculated for those initiating a combination regimen.
Analysis
Numbers and percentages were provided for dichotomous and polychotomous variables, and means and standard deviations were calculated for continuous variables. Kaplan-Meier analyses were performed to show the time to discontinuation, augmentation, and switch of the index PAH medication regimen. Statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA).
RESULTS
Baseline Demographic and Clinical Characteristics
A total of 1878 patients were included in the study analysis ( Fig. 1) . Patients averaged 2.4 ± 1.3 years of follow-up ( Table 1 ). The mean age was 66.4 ± 13.3 years and the majority were female (64.4%) and enrolled in a MAPD health plan (64.9%). Patients prescribed monotherapy at index tended to be older and were more likely to be enrolled in a MAPD plan or be male than patients prescribed combination therapy at index. The mean Charlson comorbidity score was 3.3 ± 2.0 and 67.4% of patients had a score of at least 3. Notable comorbidities in this population included hypertension (81.7%), type 2 diabetes (40.9%), sleep apnea (38.3%), obesity (28.8%), thyroid disease (24.7%), and depression (15.8%).
Treatment Patterns
A total of 1706 patients (90.8%) initiated monotherapy and 172 patients (9.2%) initiated combination therapy as their index regimen (Table 1 ). An index regimen of PDE5i, ERA, or prostacyclin monotherapy was prescribed in 64.1%, 16.7%, and 6.1% of all study patients, respectively (Fig. 2a ). Among patients who initiated combination therapy as their index regimen, the majority had a PDE5i (86.1%) or an ERA (78.5%) among their regimens. The mean PDC for all regimens over the study period was 0.86 ± 0.22 (Fig. 3 ). PDC remained stable over the different time periods for patients on both monotherapy and combination therapy. Patients prescribed combination therapy at index had a higher mean PDC than patients on monotherapy (0.95 ± 0.13 versus 0.85 ± 0.23). More than three-fourths of patients (76.1%) had a PDC of at least 80%.
Approximately 40.0% of patients discontinued their index medication (data not shown). Among patients who discontinued their index regimen, 80.3% did so within 1 year of the index date and 80.0% did not initiate a second regimen. The percentage of patients enrolled in 2012-2013 who discontinued was slightly higher than the percentage of patients enrolled in 2014-March 2017 who discontinued (44.1% versus 37.8%). Patients initiated on monotherapy were more likely to discontinue their medication than patients initiated on combination therapy (42.8% versus 12.2%). The probability of discontinuing the index regimen within 1 year was 32.1% (Fig. 4) . This percentage was lower among patients with an index combination regimen (6.4%) than among patients with a monotherapy regimen (34.7%).
The probability of augmentation of the index regimen within 1 year of the index date was 10.5% (Fig. 5 ). This percentage was slightly higher among patients with a combination regimen versus a monotherapy regimen at index (14.0% versus 10.1%). The probability of augmentation increased to 16.9% overall during the 5-year study period. Patients on a combination regimen remained more likely to augment therapy than patients with a monotherapy regimen (29.4% versus 15.7%).
The probability of switching the index regimen 1-year following the index date was 6.6% (Fig. 6 ). This percentage was slightly higher among patients with index combination therapy than patients with index monotherapy (10.5% versus 6.2%). The probability of switching increased to 10.0% overall during the 5-year study period. Patients on a combination regimen remained more likely to switch than patients on a monotherapy regimen (23.4% versus 8.7%).
Of patients who modified or discontinued their index regimen (n = 1168), 78.4% did so within 1 year of the index date. The months to therapy discontinuation or modification decreased from 10.3 ± 9.9 months in 2012-2013 to 9.4 ± 9.5 months in 2014-July 2015 to 4.9 ± 5.2 months in August 2015-March 2017. Patients on an index combination regimen had higher persistence than patients on an index monotherapy regimen (11.6 ± 10.3 months versus 7.8 ± 9.9 months). Patients prescribed an ERA had higher persistence than patients prescribed a PDE5i (9.4 ± 10.2 versus 8.5 ± 10.2 months).
Almost one-third of patients (30.2%) had a second treatment regimen (Fig. 2b) . Among patients with a second regimen, 15.9% resumed their index treatment after an earlier discontinuation, all of which were on monotherapy (more than 90% were on a PDE5i).
Approximately half (50.4%) of patients had combination therapy as their second regimen. The percentage of patients who initiated dual therapy as a second regimen remained stable over the time periods; however, the proportion of patients who initiated triple therapy as a second regimen increased from 4.0% in 2012-2013 to 12.3% in August 2015-March 2017. Patients were most commonly prescribed an ERA plus PDE5i across all time periods ranging from 57.0% of second combination regimens in 2012-2013 to 46.0% of all second combination regimens in August 2015-March 2017 (data not shown). Approximately 8.1% of patients were prescribed triple therapy as their second regimen, usually an ERA, PDE5i, and prostacyclin (87.0%), of which 17.4% had monotherapy as their index regimen.
Over the course of the study, 24.9% of all patients initiated combination therapy, including as an index regimen. The percentage of patients with an index combination regimen increased steadily over the time periods; however, the percentage of patients who had combination therapy at any time during the study was similar between the time periods (23.1% in 2012-2013, 25 .0% in 2014-July 2015, and 26.4% in August 2015-March 2017). The mean time to combination therapy initiation was 6.5 months overall (including the 172 patients whose index regimen consisted of combination therapy); however, the mean decreased from 10.5 months in 2012-2013 to 6.4 months in 2014-July 2015 to 3.4 months in August 2015-March 2017. Among patients who initiated on monotherapy and later started combination therapy (n = 295/1706), 78.3% began combination therapy as the second regimen and 21.7% started in the third or later regimens. Patients who transitioned to combination therapy from index monotherapy with either an ERA or PDE5i were most likely to have an ERA plus PDE5i combination regimen (data not shown). Those who initiated prostacyclin monotherapy and transitioned to combination therapy were most likely to transition to a regimen of a PDE5i plus a prostacyclin. Approximately 67.2% of patients who initiated combination therapy after index monotherapy did so within the first 6 months and 70.5% of patients did so within 1 year of the index date. Among patients who remained on any PAH medication until the end of the study period, 29.3% (n = 374/1277) were on combination therapy, either remaining on their index combination therapy until the end of the study period or initiating combination therapy in subsequent regimens. Of these, 13.6% of patients were on a triple therapy regimen (n = 51/374).
DISCUSSION
This study examined real-world treatment patterns at varying time points prior to and following publication of the 2015 ESC/ERS Fig. 6 Kaplan-Meier analysis of time to modification treatment guidelines for PAH. This guideline update offered physicians the option to treat patients with low-and moderate-risk PAH either upfront or sequentially with combination therapy. Most patients in this study (90.8%) initiated a monotherapy regimen as their index regimen with almost two-thirds of all study participants initiating PDE5i monotherapy and one-sixth initiating an ERA.
The percentage of patients with upfront combination therapy increased from 5.7% in 2012-2013 to 13.0% following the publication of updated ESC/ERS guidelines. These percentages are much lower than the 45% on combination therapy in the REVEAL registry [26] and similar to proportions receiving combination therapy in previous claims studies, which ranged from 5% to 20% [27] [28] [29] [30] . Patients in the REVEAL registry were not newly diagnosed or new initiators of treatment (more than half of patients were functional class III or IV and were referred to PAH specialty centers), which likely explains the high percentage of patients on combination therapy. In our study, the increase in patients initiating treatment of PAH with combination therapy in the later years likely indicates the impact of recent research suggesting increased benefits to patients who initiate with combination therapy and guideline recommendations for earlier use. As a result of limited evidence from long-term clinical trials on the best combination regimens, the combination of tadalafil plus ambrisentan is the only class I recommendation for initial combination therapy; however, macitentan plus sildenafil, riociguat plus bosentan, selexipag plus an ERA or PDE5i, and sildenafil plus epoprostenol received class I evidence in support of sequential combination therapy. The percentage of patients who initiated a regimen of an ERA plus PDE5i increased from 48.7% in 2012-2013 to 70.4% in August 2015-March 2017, whereas the percentage of patients initiating a PDE5i plus prostacyclin decreased from 35.1% to 12.5% during the same time periods. This suggests that physicians were prescribing according to guideline recommendations.
A quarter of study patients used combination therapy over the study period with the time to sequential combination therapy decreasing from 10.5 months in 2012-2013 to 3.6 months in August 2015-March 2017. This finding supports the guideline recommendation of intensification of therapy until an adequate clinical response is observed. Given the progressive nature of PAH, monotherapy may not be enough to elicit the response needed for many patients.
Upfront combination therapy was associated with greater adherence, persistence, and lower rates of discontinuation. Only 36.5% of index monotherapy patients remained on the index regimen without a discontinuation or modification until the end of the study, whereas 51.2% of index combination therapy users did so. Patients on combination therapy may have had better clinical responses to treatment, thus remaining on their medication longer. Adherence, as measured by PDC, was more than 10% higher for combination therapy users than for those on monotherapy. On the basis of the results of this study, physicians may consider starting or escalating combination therapy earlier to maximize treatment adherence and persistence.
Limitations
Results of this claims database analysis must be interpreted in light of inherent limitations. ICD-9-CM and ICD-10-CM codes used for patient identification were for pulmonary hypertension, not PAH specifically; thus, patients may have been misidentified, particularly those with group 2 or 3 pulmonary hypertension. To reduce the likelihood of misidentification, we required both NDC pharmacy codes and ICD-9-CM/ICD-10-CM codes for patient identification. Pulmonary hypertension is often misdiagnosed and/or treated inappropriately, potentially as PAH, particularly if the diagnosis is not made within a specialty center and it is possible that patients with group 2/3 PH were inadvertently included. Evidence of a dispensed medication does not indicate that the medication was consumed or taken as prescribed. Additionally, medications provided as samples by the physician or as part of a clinical trial may not be accounted for in claims data.
Lastly, this study was conducted in a large US managed care population and may not be generalizable to other populations or all patients with a PAH diagnosis.
CONCLUSIONS
The majority of patients initiated monotherapy treatment for PAH, most often PDE5is, despite market availability of several new medications. Patients with upfront combination therapy increased and the time to sequential combination therapy decreased following publication of the 2015 ESC/ERS guidelines, indicating that physicians were prescribing according to recommended guidelines. Patients who initiated combination therapy had greater adherence and persistence with fewer discontinuations than patients who initiated monotherapy, but further research is needed to confirm these results.
